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We report on the novel creation of a solid density aluminum plasma using free electron laser radiation
at 13.5 nm wavelength. Ultrashort pulses of 30 fs duration and 47 pJ pulse energy were focused on a
spot of 25 pm diameter, yielding an intensity of 3-10%* VV/cm2 on the bulk Al-target. The radiation
emitted from the plasma was measured using a high resolution, high throughput EUV spectrometer.
The analysis of both bremsstrahlung and line spectra results in an estimated electron temperature
of (30 £ 10) eV, which is in very good agreement with radiation hydrodynamics simulations of the
laser—target—interaction. This demonstrates the feasibility of exciting plasmas at warm dense matter
conditions using EUV free electron lasers and their accurate characterization by EUV spectroscopy.

Warm dense matter (WDM) [1, 2] has drawn increas-
ing interest in recent times because of its role in under-
standing the convergence between condensed matter and
plasma physics. It is found in numerous astrophysical
objects [3] and as a transient state in many laboratory
research projects, such as shock compression experiments
[4], inertial confinement fusion studies [5] and laser ex-
cited plasmas [6].

The creation and investigation of WDM, i.e. matter at
temperatures between 1 to 100 eV, and densities rang-
ing from 102! em™3 to 10%* cm ™3, under controlled con-
ditions in a laboratory is a difficult task even though
it is commonly accessed in experiments in which one
generates a plasma using solid or near-solid density tar-
gets. Rapid temporal variations, steep spatial gradients,
and uncertain energy sources lead to indecipherable com-
plexity. To deal with this challenge, a few suggestions
and efforts have been made before, such as laser-driven
shock heating, x-ray heating, and ion heating techniques
[4, 7, 8,9, 10].

WDM is characterized by electron temperatures com-
parable to the Fermi energy, i.e. the degeneracy param-
eter § = kpT,/Er ~ 1. Secondly, the plasma coupling
parameter I' = Ze2 /AreoksT (4mne/3)"? is greater or
equal to unity, i.e. the inter-particle Coulomb potential
energy exceeds the thermal energy; Z is the ion charge
and n, is the electron density [11]. Both, the electrons
and the ions exhibit a high degree of correlation, which
depends strongly on the plasma temperature and density.
Hence, the description of WDM provides a tremendous

challenge to many-particle physics.

Both, the theory for ideal plasmas and condensed
matter fail in this regime. Classical plasma theory based
on expansions of the correlation contributions in powers
of the coupling parameter breaks down since I' > 1.
Strong coupling effects among the various species have
to be taken into account. On the other hand, the plasma
is too hot as to be considered as condensed matter, i.e.
expansions in powers of the degeneracy parameter 6
also fails. Thus, the precise knowledge of the plasma
temperature is of primary importance, since the coupling
parameter and the degeneracy parameter scale linearly
with T, whereas the electron density enters only with
powers of 1/3 and 2/3 respectively into these quantities.

In this Letter, we demonstrate the first successful gen-
eration of a plasma at WDM conditions using short-
pulse EUV radiation delivered by the free electron laser
in Hamburg (FLASH) [12, 13, 14]. Furthermore, it is
shown that the measurement of EUV bremsstrahlung
emission allows the determination of the plasma tem-
perature. In the experiment, FEL pulses of 91.8 eV
photon energy (wavelength A = 13.5 nm), 30 fs pulse
duration, and 47 uJ pulse energy (about 3.2 - 1012 pho-
tons) with a standard deviation of 3 puJ were focused
on a 25 pum focal spot under 45° incident angle, reach-
ing an intensity of 3 - 101 W/cm?®. At the chosen wave-
length, the critical density for penetration into the bulk
Nerit = (2m¢)2egme/e2\? = 6.1 - 10** cm™3 is about 60
times higher than the solid density ngoq ~ 1023 cm™3.



TABLE I: List of the spectral lines emitted from the plasma,
identified with the NIST database [nis].

Experiment | NIST |Relative |Oscillator | Transition

data data |intensity|stregnth f

[nm)] [nm] |(NIST) |(NIST)

11.6 £0.2 |11.646|250 0.332 AL TV: 2522pS
-2572p° (Y /) 4d

16.24+0.2 |16.169|700 0.247 Al TV: 2522p°
-25°2p° (*p}/2)3s

17.240.2 [17.283|- - AL TII: 2p%3p
-2p°(*p°)3s3p(3p°)

Therefore, energy is deposited deeply into a target vol-
ume of 7 x (12.5 um)? x 40 nm, where the number of 102
atoms is in the same order of magnitude as the incident
photon number. The FEL was run in multibunch op-
eration mode at 5 Hz repetition rate, with 20 pulses in
a bunch. Five separate experiments with an total inte-
grated interaction time of 13.5 min were performed. EUV
emission spectra in the region of 6-19 nm were measured
with a high throughput transmission grating spectrome-
ter. The sum of all spectra is shown in FIG. 1(a). The
main peak at 13.5nm stems from Rayleigh scattering
of the FEL photons by the bound aluminum electrons.
Furthermore, spectral lines from Al IIT and Al IV are
observed and identified using the NIST tables [nis] as
listed in Tab. I. The continuum background is formed by
free-free transition radiation (bremsstrahlung) and free-
bound recombination radiation. This continuum is partly
reabsorbed. Consequently, the absorption Ly, ij-edge at
17nm can be seen even in the FEL-ionized Al-layer, like
for laser excited silicon at a similar excitation flux [15].

From the experimental spectra, information about the
plasma parameters is obtained. The electron temper-
ature is inferred by analyzing of the continuum back-
ground due to bremsstrahlung. We use Kramers’ law
16]

jg(A) =

62 3 167rz2nee—27rhc/)\kBTe
(=) gr) (1)

3mec2A\2\/6mkgTome

for the free-free emissivity jg(\) with the mean ion charge
Z and the electron mass me. gr(\) is the wavelength de-
pendent Gaunt factor [17], accounting for medium and
quantum effects. It is calculated in Sommerfeld approxi-
mation [18].

FIG. 1(a) shows the experimental data and the
bremsstrahlung calculated for three different electron
temperatures kg7, = 20, 30, and 40 eV. The best fit is ob-
tained for 30 eV. Note, that free-bound transitions were
not considered in the fits, which explains the deviations
between the fit curves and the experimental data, espe-
cially in the short wavelength part of the spectrum and
for wavelengths larger than 17.0 nm, i.e. the L-edge posi-
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FIG. 1: (Color online) (a) Measured EUV spectrum from the
aluminum plasma (points with error bars, the values were
divided by the detection efficiency), and bremsstrahlung cal-
culations for different electron temperatures. (b) Calculation
of the relative Al ion species abundance from COMPTRAO04
as a function of the electron temperature. Solid line is for Al
density pa1 = 2.7g/cm3, dashed line: pa; = 1.5 g/cmg.

tion. From the height of L-edge, the penetration depth of
the EUV radiation into the target can be determined to
be 40 nm, using the tabulated opacities found in Ref. [29].
The photon number counts allow to estimate the free
electron density, which is compatible with the values ob-
tained from hydrodynamics simulations, see below.

Additionally, the electron temperature can be obtained
from the ratio of integrated line intensities for the iden-
tified transition lines as follows from the Boltzmann dis-



tribution [19],

ﬁ — U‘Eﬁe—h(wl—wz)/kBTe

I,  w3fs ’
with the integrated line intensities I,,, the correspond-
ing photon frequencies w,, and oscillator strengths f,.
Here, the Al IV lines (doublets) at A;=16.1688 nm and
Ao =11.646 nm are used. The corresponding oscillator
strengths are given in Tab. I. The lines were integrated
from 15.9 nm to 16.3 nm and from 10.8 nm to 11.9 nm,
respectively. The bremsstrahlung background was sub-
tracted before the integration. The resulting tempera-
ture is T, = (34 &+ 6) eV, which is in excellent agree-
ment with the electron temperature obtained from the
bremsstrahlung continuum.

The relative abundance of ion species inside aluminum
assuming electron temperatures from 10 eV to 40 eV
was calculated with the code COMPTRA04 [20], results
are shown in FIG. 1(b). The concentration of ion species
from the simulation, which used the bremsstrahlung fit
temperature, complies with the observed line emission
spectrum. At kgT, = 30eV, the ions Al III, AL TV, Al V,
and Al VI take the ratios of about 5%, 25%, 55%, and
15%, respectively. Amounts of Al I, Al II, as well as Al
VII and higher are negligible. This is consistent with the
observation of Al IIT and Al IV in the measured spectra,
see Tab. I. Lines from Al V and Al VI are not visible
in the spectrum, since they overlap with the reflected
laser light (central peak). Transition lines from Al VII
that lie in the observed spectral range have not been
found. This coincides with the theoretical result that Al
VII is negligible at the present conditions. On the other
hand, transition lines from Al VII have previously been
observed in optical laser-matter—interaction experiments
[21]. This is well understood by looking at the different
mechanisms of absorption and ionization in the case of
optical light as opposed to the case of EUV photons,
where the main absorption mechanism in solid aluminum
is photoionization [22].

(2)

EUV FEL photons at 92 eV photon energy exceed the
2p level binding energy of 72.5 eV and hence dominantly
excite 2p bound electrons with a photoionization cross-
section of opy = 7Mbarn [29]. These photoelectrons
have a high excess energy of about 20 eV and excite fur-
ther atoms by impact ionization, resulting in lower en-
ergy electrons. Beside these, there exist also mid-energy
Auger electrons. The electrons equilibrate on a timescale
of a hundred femtoseconds. [2, 14, 23]. During and after
this process, the electron gas transfers its energy to the
lattice through electron-phonon scattering on a picosec-
ond timescale, resulting in a significantly lower electron
temperature.

This is quite different to the situation of WDM created
by optical lasers, where the absorption is due to multi-
photon ionization, inverse bremsstrahlung, and collective
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FIG. 2: (Color) HELIOS simulation results for the electron
density (right) and electron temperature (left) as a function
of time and radius.

and nonlinear processes [24]. Also, when the critical free
electron density of the optical laser is reached, most light
is reflected and absorption is limited to the skin layer,
leaving behind a plasma with steep density and temper-
ature gradients.

In our case of matter interacting with EUV photons,
nonlinear absorption is negligible at the considered inten-
sity and resonance absorption is not important since the
plasma is undercritical at all stages. Thus, photoexcita-
tion is the dominant absorption mechanism and no “hot”
electron production in the keV to MeV range is possible.
The refraction index is always close to one, which means
refraction in the plasma is negligible. At the very be-
ginning when the EUV pulse reaches the target, the tar-
get is a cold solid. The energy deposition process inside
the target can be treated in linear approximation, using
the tabulated mass absorption coefficients for cold matter
[29]. At later times, the absorption coefficient crossection
is predicted to decrease slightly [22], because the matter
is partially ionized. We conclude that the FEL energy is
distributed quite homogeneously throughout the interac-
tion zone.

To illustrate the hydrodynamic processes after the
laser—target—interaction and to predict the electron
temperature, 1D radiation hydrodynamics simulations
using HELIOS [25] have been performed. HELIOS
features amongst others a Lagrangian reference frame
(i.e., grid moves with fluid), separate ion and electron
temperature plasmas and flux-limited Spitzer thermal
conductivity. It allows the deposition of laser energy
via inverse bremsstrahlung as well as bound-bound
and bound-free electron transitions. The simulation
results are shown in Fig. 2. Per atom, 2.6 electrons were
assumed to be ionized before irradiation, which is the
average ionization degree in metallic aluminum. On the
timescale of the FEL pulse, both electron density and
electron temperature rise homogeneously within the 40
nm thick absorption layer. Near the plasma-vacuum




interface, conditions of n, =~ 10?2 — 10®3cm™3 and
kgT. < 28.5eV are observed, which agrees with the
results for T, obtained from the spectral analysis above.
The simulation shows that these conditions exist a few
hundred femtoseconds.

Hydrodynamic plasma expansion as well as electron
diffusion to the cold matter of the bulk target and heat
conduction will set in after this period. Before this
expansion, the created WDM exists and evolves as an
isolated state, i.e. the plasma density can be assumed
constant and hydrodynamic motion is neglectible [26].
Afterwards, the density will change approximately by a
factor of two during the first several picoseconds which
influences the relative abundance of ion species only
slightly, see Fig. 1(b).

In summary, the generation of WDM by interaction of
EUV FEL radiation with a solid aluminum target was
demonstrated for the first time. EUV emission spectra
yield valuable information about the plasma temperature
and composition. The electron temperature was deter-
mined by analysis of the line and continuum emission
spectra as kgT, = (30 & 10) eV, and the line spectrum
shows the presence of Al III and Al IV ions. These re-
sults are in perfect agreement with theoretical predic-
tions of the ion species abundance and radiation hydro-
dynamics modelling. Interestingly, hydrodynamic pro-
cesses seem to play a minor role for the first hundred
femtoseconds after excitation. Our results provide new
complementary information to results that were reported
in the case of optical laser—matter interaction [21]. More-
over, the generation of WDM in a homogeneous manner,
without strong gradients, as in optical laser experiments,
is demonstrated opening new possibilities for future re-
search.

Further and detailed studies of WDM will include
spatial and temporal dependent observations of its
elementary parameters such as electron temperature
T.(7,t), electron density ne(7 t), etc. For this regime,
novel diagnostic techniques such as x-ray interfer-
ometry [27, 28, 29] and x-ray Thomson scattering
[30, 31, 32, 33, 34] should be used. In combination
with these techniques, the EUV FEL will ignite an un-
precedented stage for WDM investigations. This will be
important for research of shock physics, applied material
studies, planetary interiors, inertial confinement fusion,
and other forms of high energy density matter generation.
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